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EXHAUST NOZZIFES FOR TURBOJET ENGINES
By Bruce T. Iamdin

SUMMARY

The results of several investigations of the psrformance of
di fferent types of clamshell variable-area exhaust nozzle far
turboj et engines canducted t o0 determine t he efficiency of this type
of exhaust nozzl e as compared with the conventional fixed-area
coni cal exhaust nozzl es are presented. These investigations were
ccnduct ed at zero-ram sea-| evel comditioms cmthree different full-
scal e turboj et engines. The performsnce of five different nozzles,
two of whi chwer e designed for operati on on an afterburner tail
vipe, is presented. In addition to the nozzle efficiency, as
determined from j et -t hr ust performance, the mechanical reliability
of the nozzles and the use of various gas sealing devices are dis-
cussed..

The clamshell-type vari abl e-area nozzl e was found to have
sati sfactory mechenical reliability even after operating wnder
afterburning conditlons for about 40 m nutes. Thrust | osses due to
gas leakage under the moveble flaps of the nozzle were eliminated
by proper sealing devicese Wth three of the variable-ares nozzl es
i nvesti gat ed, one of which provided anlarea—varia"aion rati o of about
| .86, the jet -&ust was within 0 to percent of that obtained

with conventional fi xed-area nozzl es. The ot her two nozzl es
investigated resulted in thrust |osses of about 4 and 8 percent;
the cause of the | 0ss in thrust for these two nozzles i s princl-
pally attributed to a nonplanar outl et configuration formed by the
nozzle flaps.

INTRODUCTICGY

The application of tail - pi pe burning as & thrust-augmentation
method for turbojet engines requires the use of a variable-area
exhaust nozzle in order to provi de efficaclous engine operaticn
mder both normal and augmented conditions. The amount of thrust
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augnentation obt ai ned by water or water-al cohol injection may al so

be considerably i ncreased on many types of turbojet engine by the

use of a variabl e-area exhaust nozzl e because of the independent
control of turbine gas temperature and engine speed t hat the nozzle
provides. For turbojet englnes not equipped with thrust-augmentation
devi ces, the proper edjustment of the area of the exhaust nozzle may
al so provide improvements i n specific fuel consumption at reduced
thrust outputs, a considerable degree of thrust regulation at con-
stant engine gpeed, and improved ghtarting characteristicse.

A varieble-ares nozzle of the clanshell type, which consists
essentially of tw movable spherical segments or flaps that rotate
over an inner fixed section, was designed and used om a turboj et
englne at the WACA O evel and | abor at ory (now the Lew s | abor at ory)
in 1943; the results of an investigation of the efficiency of this
nozzl e are reported i n reference 1. Foll owi ng tie satisfactory
results of this investigation, variable-area exhaust nozzles of
this type came into general use for many research investigations,
particularly in the field-of thrust augnentation. An investiga-
tion of standard engine performance with a variabl e-area exhaust
nozzle at various altitude conditions, includingan evaluation of
the efficiency of the nozzle used, is reported in reference 2

Because nmany of the nozzles that were used in subsequent inves-
tigations incorporated different design features or were operated on
different types of engine than the nozzles reported in references 1
and 2, the performance of these various nozzles was investigated from
time to time. The results of several of these investigations, which
were conducted at the NACA Lewi s | aboratory on full-scale turbojet
engi nes at sea-level zero-ram conditions, are reported herein. The
performance of five different variable-area exhaust nozzles are
reported; three different englnes were used, one of which was alter-
natively equi pped with a stendard and an afterburner tail pipe. The
efficiency of each variable-area nozzle is conpared with that of
various f| xed-area conical nozzl es over a range of engline operating
conditions. The nechani cal reliability of the nozzles and the use
of warious sealing devices between t he novabl e £laps and the fi xed
i nner section of the nozzle are also discussed. An illustration of
the effect of variabl e-e&u& nozzle area an the specific fuel comn=-
sumption and thrust regulation of a turbojet engine not equipped
with thrust-aungmentation devices i s al so presented.

APPARATUS

Nozzles. = Five variable-area exhaust nozzles of the clanmshel
type were investigated. This type of nozzle (fig. 1) consists of
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two movable fl aps shaped | i ke spherical segments that rotate over
a fixed Inner sectlon having either & spherlcal zone 0Or a stralght
cylindrical outlet.

The flaps are hinged on pivot shafts on the sides of the
nozzl e end connected t0 a linkage syestem i N such a marmer than an
actuating force moves both flaps similtaneously over t he inner
section of the nozzle. The pivot shafts are so located at the
center of curveture of the movable fl aps that t he actuating force
I's not opposed by gas-pressure forces but anly by the friction of
t he moving parts. As shown in figure 1, the projected, outlet area
formed by the nozzle flaps in tie closed position is that of an
ellipse; in the open position, the projected outlet ares of the
nozzle may be elther ellipticel or circular depending on the amowmt
the nozzle flaps are permtted to open. In addition t0 this
elliptical outlet area, the angle formsd between the edges of +the
nozzl e flaps in the cl osed position is | ess than 180° and results
in a nonplansr configuration of the nozzle outlet. The shape of
both the outlet ellipse and the nonplanar outlet configuration of
the nozzle in the closed positimis. used to describe the geo-
metrical design features of the variousnozzles investigated. The
shape of the outlet ellipse is specified by the ratio of the major
axis to the minor axis, or the ratio a/b (fige. X),and t he nonplanar
outl et configuration i S specified 'by the ratio of the trensverse
projected outlet area to the longitudinal projected outlet area, or
the area ratio A/B (fig. 1). These geometricel features emd ot her
principal dimensions of the five variable-area nozzl es i nvesti gated
for both the opem =and closed position are sumarized in the Ffollow-
ing tabl e:

variabl e- . Nozzl e positim -
areea , . Open. Closed
nozzl e Me jor| Minor| Equlv-| Ma jor |[Minor|Equlv-|Major axis|Rati o of
axls |axlis |alent |axis |axis [alent M nor axisjtrans-
(In.}|(in.) diem. (in.}|(in.)|diem. a/b verse to
(in.) (in.)|(closed) |longitu~
dinal
area
A/B
(cl osed)
1 13.0] 13.0] 13.0 | 12.6| 10.5 | 11.5 1. 20 0.08
2 19.9118.1]119.0 | 17.6 | 15.4 | 165 1.14 «10Q
3 21.0121.0]21.0 | 21.0| 25.5 | 18.0 1.35 13
4 25.0119.4]1 22.0 | 25.0| 8.5 |14.6 2.94 «25
5 24.21 18.9( 21.4 { 18.9| 14.0 } 16.2 1.35 .06
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Additilonal detail ed design features of the various variable-
eres N0zz| es are subsequently described. Straight-sided, f£ixed- v
area coni cal nozzl es havi ng cone angles varying from 15° to 30°
wer e used t o obt ai n comparative engine performance f or evaluation
of the varisble-area nozzl es.

080T

Experimental setup. - Three different turboj et engines were
used :  a 1600-pound- and a 4000-pound~-thrust centrifugal-flow-
conpr essor englne and a 4000-pound ~thrust axial-flow-compressor
engine. A different variable-area nozzle (nozzles 1, 2, and 3)
was investigated on each engi ne with stendard tail pipes. Variable-
ares nozzles 4 and 5 were Investigated on the 4000-pound-thrust
axlal-flow-corpressor engine Wt h an afterburner tail pipe;

The invesbtlgations were conducted on vaerilous zero-ram sea-level
test stands, which differed in small details but, in gemeral, were
of ‘the type shown in Tigure 2. The engine wes rigidly mounted on
a frame that was suspended from the ceiling of the test cell by
four rods that swing on ball-bearing pivots. Iateral restraint was
provided by guide rollers; longltudinal restraint was provided by
t he thrust-measuring devi ce. All instrumentation and comtrol lines
wore flexible and & speclal seal (detail in fig. 2) was installed
where the tail pipe passes through the wall of the cell in order to
permit axial movement Of the emngine wilthout excessive alr leakage
around the tail pipe.

The engi ne thrust was transmitted through a |inkage to the
di aphragm of an air-pressure cell. A pilet valve, directly con-
nect edt ot he thrust linkege, comtrolled the alr pressure in the
diaphragm cell to balance t he thrust force. The thrust was read
froma manoneter connected to the diaphragm cell. The thrust device
was calibrated by means of dead welghts. The air supply to the
engi ne entered the nearly airtight test cell through air-measuring
nozzles. The engine fuel (kerosens) flow wes measured with cali -
brated rotaneters. For all the variable-area nozzles i nvesti gat ed,
pressures and tenperatures were measured.at the engine inlet, the
compressor outlet, and the turbine outl et by canventional instru~
mentation. For variabl e-area nozzles 3, 4, and 5, additional
iInstrumentation was installed to measure t he comdition of t he gas
upstream of the exhaust nozzle. For nozzle 3, this instrumentation
was as follows:

(1) Eight strut-type thermocouples | ocated 4 inches in fromthe
tail-pipe wall and 2 i nches upstream of the exhaunst-nozzle;
the exhaust-nozzle inlet is considered as the point where
contraction begi ns
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(2)one rake of 11 total -pressure tubes spaced en centers of
equal area and located 1 foot upstream of the e&aué&-
nozzl e inlet

For nozzl es 4 and 5, +the exhaust-nozzl e-inl et instrumentation
was as follows:

(1) Two rakes of 10 thernocoupl es each |ocated on a single
di ameter 16 inches upstream of the_exhaust-nozzle inlet;

constant t her nocoupl e spaci ng; of lZ i nches

(2)Two rakes of 10 total-pregsure tubes each located and
installedthe same as the thermocouple rakes

TROCEDURE

Runs were nade on each engine at zero-ramsea-| evel conditions
over a range Of engine speeds for various fixed-srea conical nozzles
and for wvarious positions of the variable-area nozzle. These con~
ditions are |listed in the followlng tabl e:

Variable- Rat ed Compressor Speed Fixed-ares
ares nozzle | engine range nozzl e di ameter
thrust (percent | used for
(1p) normal comparlson
r at ed) {in.)
1 1600 |cemtrifugel flow| 85-100 11% - 13
2 4000  |Axiel fiow 52-100 16 - 17%
3 4000 |[Centrifugal flow| 75-100 18 -21
4,5 84000 |Axdial flow 70- 100 16T - 18

&yith afterburner tail pipe.

The performence dsita reported for varlable-area nozzles 4 and 5
wer e determined under normal engi ne operating conditions (W t hout
afterburning) because the variabl e-nea nozzle is in a more nearly
cl osed position for this type of operation then it iS under after-
burning conditions and hence is operating with a more critical ares
rati o. Furthermore, because any | 0ss in engine thrust that occurs
during normel engine operating conditi nsi s in effect during the
entire flight of an airplane, this loss is of greater inportance. than
thrust | osses that may occur during relatively short periods of
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augmented englnoe operation. Prior to conducting these performsnce
runs, the mechenical reliability of nozzles 4 and 5 was determined
wmder afterburning conditlaons.

In order to account for the variation in engine-inlet cm
ditions hetween the series of runs with the variabl e-area and fixed-
ar ea exhauet nozzl es, the data were corrected to standard sea-| evel
conditions by the use of t he camventional correction factors
defined as:

cm;_gressor-inlet total 'l:-emaera:bure
NACA standard sea- | evel temperature

e =

campressor-inlet t ot al pressure
= NACA stendard sea-level pressure

The corrected engine performance parameters are:

Fa/a corrected Jet thrust, (Ih)
N/~/6  corrected engine speed, (xpm)
W0
83‘ corrected air flow, {(1b/sec)
Wf
corrected specific fuel consumption, (Ib/(br)(1b thrust))
F, N3
We

1b/br
Yl corrected fuel flow, (1b/hr)

The performence Of the various verlable-area exhaust nozzles
i s eval uat edby comparison of engi ne performence datae obtalned with
both the variabl e-area nozzl es and the fixed-area canical nozzles
at -t he eame englne operating conditicns. Two different methods are
used to make this comparison, the first method for all the nozzles
and tie second nethod for nozzles 3, 4, and 5. For the first method
of comparisom, the corrected jet thrust and fuel floware plotted
against the corrected englne speed to provide me set of curves for
various sized fixed-mea exhaust nozzles and a second set of curves
for various positions of the varilable-area exhaust nozzl e. These
sets of curves are them cross-plotted to obtain a final plot of

080T
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corrected jet thrust against corrected fuel flow at various con-
stant corrected engine speeds for both the fixed- and variabl e-area
exhaust nozzles. Because the Jet thrust with both types of exhaust
nozzle are thus conpared at the sane engine speed, the two nozzles at
the same fuel flow are operating with the same inlet pressure and
temperature vrovided that the component efficlencies of the engine
have not changed between the two series of runs. The percentage

di fference in thrust provided by the two exheust nozzles at the
same fuel flowis therefore equal to the percentage difference in
nozzl e velocity coefficient oxr the square root of the percentage
difference in nozzle efficiency. For the second nmethod of com-
parison, t he theoretical jet veloclty defined as

Vi = A[2gTAE
wher e
V, ‘theoretical jet velocity, (£t/sec)

g accel eration due to gravity, (ft/secz)
J mechani cal equivalent of heat, ((£%)(1b)/Btu)
AHE  enthalpy drop across nozzle, (Btu/1lb)

is plotted against the effective Jet velocity defined as

Fs8
ve = .—J——T
(W +¥p

Ve effective Jet velocity, (£t/sec)
Fy Jet thrust, (Ib)

We air flow, (1b/sec)

Wp fuel Plow, (1b/sec)

The enthalpy drop AH was cal cul ated from t he measured nozzle-
inlet total tempersture end pressure snd the ambient nozzle-~outlet
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pressure with the aid of the thermodynemic data given in the tables
of referemce 3. The adventage of this type of plot is that it pro-
vides a single correl ation of data obteined for various engine speeds
and. exhaust-nozzl e sizes; all the test data mey thus be used for
comparison purposes. Again, the percentage difference in the effec-
tive Jet velocity for the two types of exhaust nozzle at the same
theoretical jet velocity (or enthelpy drop) is equal to the per-
centege dlfference in nozzl e vel ocity coefficient or the square

root of the percemntage difference in nozzle efficiency.

RESUITS AND DISCUSSIMN

The performence of the five different variabl e-area nozzles,
as determ ned fromcomparative performance obtained with conven-
tional fixed-area conical nozzles on three different turbojet
engines, i S discussed. Additional performance data obtained with
nozzl e 2 on the4000-pound-thrust axial -fl ow conpressor engineare
also presented to illustrate the effect of varying the exhaust-
nozzl e area on the engine thrust and specific fuel consumption.

Vari abl e- Ar ea Exheust-Nozzle Perf or mance

Nozzle 1. - A photograph of wvariable-area exhaust nozzle 1
instalTed on en engine tail pipe is shown in figure 3 and the
details of the construction of this nozzle are presented in fig-
ure 4. Thie nozzle consists essentially of a fixed tier section
heving the shape of a spherical segment and two spherically shaped,
movable nozzl e flaps. oth the fixed immexr section and the novabl e
flaps of this nozzle are so made that the surfaces 1ile in con-
centric spheres, thus allow ng rel ative noti on between the fl aps
and the inner section without changing the radi al clearance between
them. A seal, which consisted of netal strips as shown in detail A
of figure 4, was i ncorporated between the fl aps and t he inner
nozzle to prevent |eakage of gas.

The performance of this variabl e-m exhaust nozzl e, which
was determined wilith the 1600-pound-thrust centrifugel-flow-compressor
engine, is sumarized in figure 5 in which tie corrected Jet thrust
is plotted against the corrected fuel flow for several comstant
engine speeds. The points obtained by cross-plotting the variable-
sgeed curves are coded for both the fixed-area conical nozzles and

e variabl e-area nozzl e at engi ne speeds of 84.9, 90.9, 97.0, =and
100 percent of rated speed. The results show that, within. the
experimental error, there is no difference in the engine t hrust,
endlhence inthe efficiency, of the fixed and variable-area exhaust
nozzl es.
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The netal sealing strips en the varlable-area nozzle were
apperently effective in preventing gas | eakage. When operating at
hi & gas temperatures, however, the metel seals would Jam end the
nozzl e flaps coul d not be moved wntil the entire nozzl e had been
cooled. A more detail ed description of thisnozzle and the expsri-
mental investigation o f itspexrformsnce i S reported i n reference 1.

Nozzl e 2. - Veriable-~area nozzle?2, shown in the phobogragphs
of figure 6 end the detalled drawing in figure 7,was similar to
nozzle 1 in general design features. Metal sealing sStrips were
elso Installed on ‘this nozzle but immediate difficulty was experi-
enced W th Jammed f| aps; comsegquently, t he strips were bent back
to provi de ample clearance (1/16 to 1/4 Is.) and therefore did not
serve as seals dwring the investigetion. The outl et plane of this
nozzl e in the wide-open position Was sllghtly curved as shown in
figure 8(b)e The projected area of the nozzl e outlet was circular
in an inbexrmediate nozzl e position and elliptical in both the
closed and (pen position with the major axes (f these two ellipses
normal to each other.

The performence Of this variable-area exhaust nozzle, which
was obtained with t he 4000-pound-thrust axial-flow-compressor
engline, i S shown in figure 8-in which the corrected Jet thrust is
pl ot t edagai nst t he corrected fuel flow for several constant engine
speeds. The Jet thrust obtained at high wvalues of 1 flow with
the varlable-area nozzle (closed position) i s about ez percent

lower then the thrust obtained with the fixed-area nozzles. This
difference i N thrust correspomds t0 a difference in nozzl e wvelocity

coefficient of 2-]-' percent and a difference in nozzl e efficilency of

about 5 percent.” As the wvariable-area nozzle is opened (decreased

fuel flow)t he difference in thrust decreases wmbtil with the nozzle
flaps wlde open the thrusts are equal.

In order to investigate the effect & gaes leakage under the
moveble flaps, the nozzle was partly closed and the space between
t he movable fl aps and the fixed i nner section was packed with wet
asbestos to elim nate the leakage. The results of a series of rums
with the flaps packed in this mammer are shown by the data points
In Pigure 8. This elimination of ga.i leakage wnder the movable
flaps reduced the thrust loss from 2= to 1 percent and it may
therefore be concluded that a large porbtion of the original thrust
| 0ss was due to leakage.

This nozzle was used for about 50 hours and operated satis-
factorily dwuring +the entire investigation. A relabively wmimportent
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failure of a hinge pin that occurred was corrected by increasing
the pin dlameter from 1/4 to 3/8 inch.

Nozzl e 3. - Variable-area nozzle 3, illustrated in figures 9
end 10, incorporated the stralght tail pi pe as the fixed imer
section, which eliminated the necessity of a spherical segment on
the end of the tail pipe and provided the maximum area possible in
t he wide-open position. The seal design was changed to the type
shown In the detail of figure 10 to avoid the Jamming of the flaps
that occurred with the seal used with nozzles 1 and 2. Two rings
wer e wel ded to theouter wall O the inner section to form a con-
tinuous chamnel. A ring of 'brai ded Inconel was inserted in this
channel and hel d agai nst the innex surface of the flaps by both a
spring and gas pressure that wes transmitted to the space beneath
thering of braided Inconel through holees drilled in the pipe wall.

The perfornmance of variable-area nozzle 3, which was deter-
m ned wi t h t he 4000-pound-thrust centrifugal-compressor engi ne,
is shown in figure 11 in whi ch the corrected jet thrust is plotted
ageinst the corrected fuel flow for several emgine speeds. The
thrust Wi th the variable-area nozzle at the various positions
investigated (verious englne fuel flows) and at the three differemt
engi ne speeds was about 5 percent |ess than that with the fixed
nozzl e, which corresponds to a 5-percemt | 0SS in velocity coef-
ficient and a | 0-percent 10ss in nozzl e efficiemcy. A run was al so
made wWith tie nozzle packed with wet asbestos to check the effec~
tiveness of the seal. The results, 1llustrated by the data points
in figure 11, show that the thrust |oss was not regained and that
the seal was apparently effective in preventing gas leakage. Con-
trary totheresults obtai ned with nozzle 2, these thrust losses
are not due to gas leakage.

As indicated in the tabl e of nozzl e characterlistics previously
presented, the ratio a/b of the projected outl et area i s somewhat
greater for nozzle 3 than for nozzle 2 and nozzle 3 has a somewhat
higher ratio of trensverse to |ongitudinal projected outlet area A/B,
and hence a more nonplanar outlet configuratlon,than nozzle 2. The
| arger thrust | 0ss of nozzle 3 compared to that of nozzle 2 may
therefore be attributed to either or both of these design features
although, as till be subsequently illustrated, the effect of the
ghape of the outlet ellipse is of secondery importence. The nature
of the velocity, temperature, and pressure gradients at thenozzle
inlet may also influence the nozzl e efficiency so that results
obtained with one engine are not directly applicable to those with
anot her engine of different design.
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The performance of variable-aree. nozzle 3 is also compared
with the various fixed-area nozzles in figure 12 in which the effec-
tive Jet velocity is plotted against the theoretical jet velocity.
This plot correlates all the date obtalned for the range of engine
speeds and nozzl e-outlet areas investigated. The results, which
are in satisfactory agreenent with the results of figure 11, show
that a loss in thrust of about 4 percent occurred for all operating
conditions. The values of the effective Jet velocity of the various
fixed-area nozzl es are glightly higher than the computed val ues of
the theoretical jet velocitys This encmaly is abtiributed to t he
probability that the calculated enthalpy drop AHis not equal to
t he actual enthalpy drop because of the limited emount of instru-
mentation used t o nmeasure the average nozzl e-inl et temperature and
pressure. Although it i s therefore evident that an accurate measure
of the absolute nozzle efficiency was not obtained, the comparison
of the variable- and fixed-area nozzles is probably accurate because
the same instrumentation was used for both sets of comparative per-
formance dat a.

o mechanical difficulties were encountered with this nozzle.

Nozzles 4 and 5. = Vari abl e-nea exhaust nozzles 4 and 5 differ
from those previously investigated in that they are designed for
ingtallation on an engine with an aftsrburner and consequently had

a larger pipe section and a nuch larger aree change from the closed
position to the open position.

Nozzl e 4, 1llustrated in figures 13 and 14, was designed and
fabricated by an engine manufacturer_for a larger engine and was
modified for this investigation by extending the |ips of the two
nmovabl e flaps about 2 inches. This nozzle has metal sealing strips
between the flaps and the inner section patterned after that used
with nozzle 1. A cooling shroud was built into the inner wall.

Nozzl e 5, illugtrated in figures 15 and 16, was designed to
avoi d an extremely nonplaner out| et configuration and t 0 maintain
the outl et area as nearly circular as possible far all positions
of the nozzl e flaps. These objectives were accamplished by a design
similar tothatofnozzle 2 with a clrcular outlet area at an Inter-
medi at e nozzl e position and an elliptical area in both t he fully
open and fully closed position with their msjor axes normal to each
other. one of the nmovable flaps of this nozzle incorporated two
circular si de flaps or spherical segments centered around the two
pi vot shafts of the nozzle over which the other flap rotated. These
spherical side segnents filled the gap that otherwise would have been
present between the two flaps with the nozzle in the open positicn.
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As shown in the detail of figure 16, the nozzle incorporated a
seal of braided Inecomel simlar to the seal used for nozzle 3.

The performance of these tw variable-area nozzl es, which
was determined cmt he 4000-pound-thrust axlel-flow-compressor
engi ne and afterburner tail pipe, is shown in figure 17 in which
the corrected jet thrust is plotted against the corrected fuel
fl ow for englne speeds of 80, 90, and 100 percent of rated speed.
The data were obtai ned wi t h normal (nonafterburning) operation of
t he engine and the nozzl e position was varied from fully closed to
about three-eighths open for nozzle 4 snd from fully closed to
about one-quarter open for nozzle 5. For all the conditions
investigated, the thrust with nozzle 4 is from5 to 8 percent |ower
then that of the fixed-nea nozzles and the thrust with nozzle 5
IS nearly the same as that with the fixed-area nozzl es.

The performence of variabl e-area nozzles 4 and 5 are further
compaxred With that of the fixed-area nozzles in figure 18 by a plot
of effective et velocity against the theoretical Jet velocity.
Correlated on this plot are data for the entire range of englne
speeds and nozzle-outlet areas investigated. For all the condi-
tions investigated, the thrust with nozzle 4 was about 8 percent
| ess than W th the fixed-area nozzles and the thrust with nozzle 5

was about l% percent |ess than wth +the fixed-mea nozzles. These
thrust | osses with variable-area nozzl es 4 and 5 correspond t0 | 0SSes
in nozzle velocity coefficient of about 8 and 1% percent, respec-

tively, and | 0sses in nozzle efficiency of sbout.15 and 3 percent,
respectively. The greater | 0sses of nozzle 4 compared W th those
of nozzl e Sare believed t 0 be primarily due to the greater ratio
of transverse t 0 longitudinal proj ected outl et area (nonplanar
outlet) for this nozzle. AS previously indicated, this area ratio
A/B for nozzle 4 is 0.25 as compared Wth a Value of 0.06, the
smallest of all the nozzles investigated, for nozzle 5. The
extremely narrow el lipse of the outlet area of nozzle 4 and the
loresence of the inmer cooli ng shroud may al so have contributed to
osses in jet thruste The effect of outlet-area shape on the
nozzl e efficiency, however, is apparently of secondary importence
compared W t h t he effect of nonplansr outl et configuration because
the ellipse of the outlet area of nozzle 5, which had a thrust |oss

of only 1-32= percent, was about the sames as that of nozzle 3, which
had a thrust loss of 4 to 5 percent.

A comparison of the data of figure 18 with the data of fig-
ure 12 indicates that for the sane theoretical Jet velocity the

080T
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effective jet velocity of the two sets of fixed-area nozzles dif-
rered by 6 to 7 percent. This apparent difference in effective Jet
velocity of the two sets of fixed-area nozzles is attributed to

i naccuracies in measuring the actual enthalpy drop across the nozzle
because of the different arrengement and limited amount of instru-
mentation used. As previously discussed, these inaccuracies of
measurement Of exhaust-nozzle enthalpy drop do not affect the
accuracy of the comparison of the fiXxed- and variabl e-area exhaust
nozzles because the same instrumentation was used for each nozzle

i nvestigaticm

During t he investigation of the mechanical reliability of these
nozzl es under afterburning conditions, nozzle 4 warped severely and
Jexmed after about 10 mi nutes of operation. The camplete nozzl e had
to be rebuilt to restore its operation and to obtain the performance
data presented. Nozzle 5 warped slightly out of shape after about
40 minutes of continuous afterburner operation over a range of tail -
pi pe outl et temperatures up to about 3000° R but remained operative
end waijsatisfactorilyused for the performence investigation
reporte

Summary Of variabl e-area nozzle perfornmance. - The various
desi gn features Of thi S type Ol variable-area Nozzle that may con-
tribute to thrust |osses camnot be isol ated and evaluated fromthe
results of these investigations because of nomsimilerity anong t he
various nozzles in such features as the elliptical shape of the
outlet area, the shape of the transverse projected outlet area A
the area ratio of the nozzles, and the presence of an inner cooling
shroud in one of the nozzles. As previocusly discussed, however,
the principal feature of design that contributes to a (oss 1n t Arust
i's believed to be the nonplanar outl et configuration formed by the
edges of the two movable nozzle flaps and associated spillage of
the exhaust jet normal to the engine axis. The performnce of the
five variable-area nozzles are accordingly summarized in figure 19
as a plot of the percentage loss in thrust of the variable-area
nozzles at rated engine conditions relative to the performnce of
the fixed-area conical nozzles against the ratio of transverse to
| ongitudinal projected outlet area A/B. It should be recognized
that the area ratio A/Bis only an approxi nate index of the spill-
age of flow normal to the engine axis because the shape of the
area A may also be an inportant factor. Al though the data points
scatter somewhat in the region of |ow Values of A/B, a single
curve that illustrates a rapid increase in thrust loss with increas-
ing area ratio A/B has been drawn through the data. Although the
results represented by this curve are of a qualitative nature, it
is apparent that the area ratio A/B nust be kept small in order
to mnimze |osses in engine thrust
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Engine Performance with Nozzle Adjustnment

The effect of varying the area of the exhaust nozzle on the
specific fuel consunption and thrust of a turbojet engine is pre-
sented in order to illustrate the gains in engine performance
possi bl e by the use of a variabl e-area exhaust nozzle. The data
were obtained on a 4000-pound-thrust axial -fl ow conpressor engine
at zero-ram sea-level conditions using variable-area nozzle 2. The
changes in engine performance due to variations in exhaust-nozzle
area are dependent on both the type of engine and the sinulated
flight operating conditions. The results presented are therefore
quantitatively applicable only to the type of engine and exhaust
nozzle used and are primarily presented to illustrate the effects
of nozzle adjustment in a qualitative manner

The variation in corrected jet thrust with engine speed for
various positions of the variable-area nozzle from fully closed to
fully open is shown in figure 20. The ratio of the outlet area of
the nozzle in the wide-open position to that in the closed position
is 1.31. Engine operation with the fully closed nozzle was linited
to a speed of about 90 percent of the rated val ue because of tail-

pipe gas-tenperature linmtations. At rated engine speed, an increase

in nozzle area fromthe one-third-open position to the fully open
position,or an area change of about 20 percent, decreased the thrust
from 3880 to 2590 pounds. A range of thrust regul ation of about

33 percent was therefore obtained at constant engine speed by this
adj ustment of the exhaust-nozzle area

The effect of varying the exhaust-nozzle area on the specific
fuel consunption is shown for several engine speeds in figure 21 in
which the corrected specific fuel consunption Is plotted against the
corrected jet thrust. For these data, the thrust with the variable-
area nozzle was increased from 0 percent in the open position to

1% percent in the closed position to adjust for the |osses due to

gas | eakage under the flaps, as previously discussed. The solid
curves are obtained by varying the area of the exhaust nozzle
(increasing area with decreasing thrust) at various constant engine
speeds and the dashed curve represents engine performance with the
conventional fixed-area exhaust nozzle and is obtained by varying
the engine speed. The specific fuel consunption of the engine with
the fixed-area exhaust nozzle is a mnimmat a thrust of about
3500 pounds (about ®8 percent of rated thrust) and increases con-
tinuously as the thrust (and engine speed) is reduced below this
value. Wth the variable-area nozzle, however, a famly of curves
is obtained by varying the exhaust-nozzle area at various constant

0801
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engi ne speeds. The envelope of this famly of curves represents
the optinmum conditions of engine speed and nozzle size for m ninum
specific fuel consunption. |If, for exanple, a thrust of 2500 pounds
(about 65 percent of rated thrust) is desired, operation at from
85- to KS-percent rated engine speed and increased exhaust-nozzle
area (decreased gas tenperature) results in a specific fuel con-
sunmption of 1.025 pounds per hour per pound of thrust as compared
to 1.065 with the fixed-area exhaust nozzle and at reduced engine
speed. A reduction in-specific fuel consunption of 6 percent is
therefore possible at this engine-thrust output by the use of the
variabl e-area exhaust nozzle.

SUMVARY OF RESULTS

From a conparison and study of the results of several investi-
gations of the performance of different types of clanshell wvarieble-
area exhaust nozzle, which have been conducted on several full-scale
turbojet engines at zero-ram sea-level conditions, this type of
vari abl e-area exhaust nozzle was found to have satisfactory mechan-
ical reliability even after operating under afterburning conditions
for about 40 minutes. Wth three of the variable-area exhaust
nozzl es investigated, one of which provided an area var|at|0n of

about 1.86 to 1.00, the engine thrust was within 0 to 12 percent of

that obtained with fixed-area nozzles. The other two variable-area
nozzl es investigated resulted in thrust |osses of from4 to 8 percent.
The cause of the higher thrust |oss of these two nozzles is princi-
pal |y attributed to a nonplanar outl et configuration forned by the
angl e between the edges of the nozzle flaps when the nozzle was in
a closed position. The nozzle having the highest thrust |oss also
i ncorporated an inner cooling shroud and had an extremely narrow
ellhﬁse for the projected outlet area in the closed position, both
ich may al so have contributed to thrust |osses. Leakage of
exhaust gases under the nozzle flaps, which was found to cause a

1 . .
thrust loss of 13 percent with one of the nozzles, was satisfacto-

rily elimnated in other nozzles by including sealing devices in
the nozzle. During one of the nozzle investigations, a range of
thrust regulation at constant engine speed of 33 percent was
obtained by a 20-percent variation in the exhaust-nozzle area. At
a thrust output of 65 percent of the rated value, a reduction in
specific fuel consunption of 6 percent below that obtained with the
nornal fixed-area nozzle was obtained by neans of the variable-area
exhaust nozzle.

Lewis Flight Propulsion Laboratory,
National Advisory Commttee for Aeronautics,
Cl evel and, Onio.
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Flgure 1. = Bohematio diagram of olamshell variable-area exhenst nozzle in closed position.
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Figure 3. = Variable-area nozzle 1 installed on engine tail pipe.
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{2) End view; pertly olosed position.

Figure 6. = Variable-area nozzle 2,
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(b) Side view; wide-open position.

Flgure 6. - Concluded. Verilable-area nozzle 2.
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(a) €lomed position.

Figure 9 . -Variable-area nozzle 3.
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{b) Wide-open position.

Figure 9. - Concluded. Veriable-aveanozz|e 3.
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(a) Closed position.

Figure 13. - Variable-area nozzle 4.
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(b) Open position.

Figure 13. - Conoluded. Variable-area nozzle 4.
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Flgure 14. - Detalls of variable-area nozzle 4.
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(a) Nearly olosed position.

Figure 15 .
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nozzl e 5.

43







NACA RM No. E9BOZ2

(b) Open position.

Figure 15. - Concluded.

Vari abl e-a nozzle 5.
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